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Mesocrystals  (superstructures  of  crystallographically-oriented  inorganic  nanocrystals)  represent  so¬ 
phisticated  configurations  generated  from  biomineralization  processes,  and  an  example  of  nonclassical 
crystallization  mechanisms.  Being  the  closest  relatives  to  single-crystals  at  the  nanoscale,  porous  mes¬ 
ocrystals  are  considered  as  ideal  configurations  to  improve  functional  properties,  and  to  correlate 
structural  and  textural  features  with  materials  functionality.  Here  we  show  that  Ti02  anatase  meso¬ 
porous  colloidal  mesocrystals,  synthesized  by  a  self-assembly/seeding  method,  can  be  easily  processed  as 
active  materials  in  anode  composites.  These  anode  composites  can  be  efficiently  infiltrated  during  bat¬ 
tery  operation  with  safe  aprotic  ionic  liquid  electrolytes  down  to  the  mesoporosity  of  mesocrystals  (3-4 
nm),  and  operate  over  a  wider  temperature  window  than  organic  carbonates.  For  example,  after 
continuous  galvanostatic  cycling  for  1  month  at  high  temperatures  (15  days  at  60  °C  +  15  days  at  80  °C, 
-130  cycles),  these  anode  composites  sustain  a  capacity  at  67  mA  g-1  that  is  still  remarkable  for  Ti02- 
based  anodes  (155  mAh  g-1  or  200  mAh  cm-3,  coulombic  efficiency  of  -99%).  On  contrast,  in  organic 
carbonates  the  capacity  decays  down  to  80  mAh  g-1  after  only  15  days  at  60  °C.  Our  results  suggest  that 
the  principles  derived  from  porous  anatase  mesocrystal/ionic  liquid  electrolyte  combinations  could 
constitute  the  basis  for  battery  applications  in  which  safety,  durability  and  variability  in  operating 
temperature  represent  the  primary  concerns. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 
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From  laptops  to  cell  phones,  tablets  and  electric  cars,  lithium- 
ion  rechargeable  batteries  (LiBs)  have  provided  the  energy 
required  for  portability  since  its  commercial  introduction  by  Sony 
in  1991.  While  there  is  a  continuous  interest  in  building  batteries 
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with  enhanced  power  and  energy  densities,  safety  hazards 
imposed  severe  restrictions  to  any  development  in  this  direction.  In 
fact,  safety  concerns  forced  the  replacement  of  lithium  metal  by 
intercalation  anodes  (graphite)  despite  their  much  lower  capacity 
(3860  vs  370  mAh  g_1).  Safety  concerns  also  limit  the  packing  of 
components,  which  is  a  rather  simple  approach  to  enhance  energy 
density  in  batteries.  Among  safety  hazards,  flammability  and 
volatility  associated  with  the  electrolytes  (organic  carbonate  sol¬ 
vents),  and  concerns  on  graphite  anodes  (electrodeposition  of 
metallic  lithium)  demand  for  different  approaches  to  reduce  these 
risks  1-4  .  Furthermore,  there  is  also  interest  in  extending  the  LiBs 
operating  temperature  because  the  organic  carbonate  electrolytes 
set  a  relatively  low  upper  limit  for  efficiency,  as  they  degrade  above 
50  °C  [5]. 

Ti02  anatase  represents  a  safe  and  stable  alternative  to  graphite 
[4,6  .  Anatase  operates  at  high  voltages  (>1  V  vs.  Li/Li+),  and  less 
emphasized  is  the  fact  that  during  battery  cycling,  the  difference  in 
density  between  non-lithiated  and  lithiated  phases  is  only  1-2% 
(structural  integrity  preserved  as  expansion-contraction  during 
operation  is  negligible).  Aside  from  solid-state  electrolytes  or 
hybrid  compositions,  aprotic  ionic  liquids  (AILs)  represent  a  safer 
and  tested  alternative  to  organic  carbonates  in  LiBs  [1,7-10].  Recent 
reports  indicate  the  potential  of  using  protic  ionic  liquids  (PILs) 
instead  AILs,  at  least  for  cathodes  [11,12  ,  but  we  understand  these 
liquids  are  not  sufficiently  tested,  for  example,  against  temperature 
stability  of  bounded  protons. 

Batteries  built  from  anatase  anodes  and  AILs  must  be  intended 
for  applications  in  which  safety,  durability  and  variability  in  oper¬ 
ating  temperature  represent  the  primary  concerns.  On  the  one 
hand,  anatase  anodes  when  compared  to  graphite  have  lower  en¬ 
ergy  density  (among  others,  the  voltage  difference  between  this 
anode  and  the  corresponding  cathode  in  a  battery  is  of  course 
significantly  lower).  On  the  other  hand,  rate  capabilities  are  limited 
by  lithium  ion  transport  when  using  the  currently  available  AILs  as 
solvents  for  battery  electrolytes  1,2,7-9,13-17  .  Partial  mixing  of 
AILs  with  organic  carbonates  seems  a  good  alternative  to  improve 
rate  capabilities  while  expanding  operating  temperatures  [10]. 
However,  we  understand  that  being  safety  the  primary  concern, 
working  with  only  AILs  should  be  preferred.  For  example,  vapor¬ 
ization  of  the  organic  carbonate  component  could  be  still  possible, 
and  could  cause  the  break  of  the  battery  by  excessive  internal 
pressure  with  further  leakage  of  contaminants.  Besides,  we  are 
especially  interested  in  confirming  the  wettability  under  battery 
operating  conditions  of  the  mesocrystals  here  reported  by  the  AILs 
at  their  mesoporous  scale  size  (3-4  nm,  see  details  below),  and 
wall  effects  do  not  assure  similar  wettability  by  every  component  of 
a  mixture  at  these  porous  sizes.  The  issue  of  wettability  though  less 
emphasized  than  that  of  limited  lithium  transport  represents  a  real 
challenge,  as  viscosity  is  high  in  available  AILs  electrolytes  for  LiBs 
[1,16  .  In  our  electrode,  as  we  describe  in  the  Results  and  discussion 
section,  we  have  three  porosity  scales  and  wetting  efficiency  will  be 
reached  if  all  of  that  porosity  is  filled  with  the  AIL  electrolyte. 

The  interest  in  mesocrystals  have  emerged  from  fundamental 
studies  in  both  biomineralization  processes  and  nonclassical  crys¬ 
tallization  mechanisms  [18,19  .  As  single-like  crystals  with  nano- 
structural  features,  the  last  five  years  have  seen  significant 
examples  of  their  applicability  in  energy  applications  [20-30]. 
These  nanostructures  when  compared  to  other  advanced  configu¬ 
rations  can  combine  good  textural  properties  with  good  crystal¬ 
linity.  As  most  of  the  energy  applications  require  materials  with 
high  surface  area  (high  number  of  active  sites),  surface  degradation 
can  be  minimized  if  high  surface  area  materials  are  complemented 
with  good  crystallinity.  Furthermore,  for  those  applications  in 
which  extensive  processing  of  active  materials  is  required  (batteries 
for  example),  limiting  the  size  of  mesocrystals  to  the  colloidal 


domain  opens  an  avenue  to  a  wide  variety  of  standard  processing 
techniques  [24  . 

Some  of  us  have  recently  established  that  self-assembly  com¬ 
bined  with  seeding  represents  a  versatile  route  to  synthesize 
mesocrystals  with  different  colloidal  sizes  and  good  textural 
properties  [31  ,  and  that  some  of  these  mesocrystals  can  be  used  in 
combination  with  organic  carbonate  electrolytes  to  produce  effi¬ 
cient  anodes  [29  .Here  we  report  that  optimized  Ti02  anatase 
porous  colloidal  mesocrystals  synthesized  using  this  method  can  be 
easily  processed  as  active  materials  in  anode  composites,  and  when 
combined  with  aprotic  ionic  liquids,  can  simultaneously  lower  LiBs 
risks  and  expanding  their  operating  temperature. 

2.  Experimental 

2.1.  Mesocrystals  synthesis 

The  porous  anatase  mesocrystals  for  this  study  were  prepared 
following  a  synthesis  method  that  combines  thermally-driven  self- 
assembly  of  nanomicelles  with  seeding-assisted  chemistry  29,31]. 
In  a  typical  experiment  carried  out  in  500  mL  Schott  capped  glass 
bottles  (total  reaction  volume  of  400  mL),  35.3  g  of  Igepal  Co-520 
(Aldrich)  were  dissolved  in  175  mL  of  cyclohexane  (Aldrich)  un¬ 
der  magnetic  stirring.  Then,  9.5  mL  of  TiOSCH  (1.25  M  solution  in 
H2SO4,  Aldrich)  and  12  mL  of  distilled  H2O  were  injected  into  the 
solution  under  strong  magnetic  stirring  in  the  form  of  fourth  ali¬ 
quots  separated  by  a  30  min  time  interval.  Each  aliquot  injection 
consisted  itself  in  the  alternate  injection  of  TiOS04  and  H2O  in  three 
consecutives  aliquots.  After  the  addition  of  the  9.5  mL  of  TiOS04 
and  the  12  mL  of  distilled  H2O,  we  added  another  175  mL  of 
cyclohexane  and  then  the  resulting  solution  was  typically  left 
overnight  under  magnetic  stirring  to  assure  the  formation  of  a  good 
microemulsion.  To  this  transparent  microemulsion,  we  added  3  mL 
of  a  sol  containing  the  anatase  seeds  (0.2  M)  in  the  form  of  fourth 
aliquots  separated  by  30  min  intervals.  The  sol  containing  the 
nanoseeds  was  obtained  by  slowly  adding  5.2  mL  of  TiCLj  to  200  mL 
of  water  at  4  °C  under  vigorous  stirring  and  further  dialysis 
[32].After  seeds  addition  to  the  microemulsion,  the  resulting  sus¬ 
pension  was  stirred  for  another  1  h,  and  introduced  in  an  oven  set 
at  60  °C.  After  20  h,  the  temperature  of  the  oven  was  raised  to  80  °C 
and  kept  for  72  h.  Finally,  the  product  was  removed  from  the  oven, 
washed  several  times  with  EtOH,  dried  at  50  °C  and  heated  in  air  at 
250  °C/24  h. 

2.2.  Characterization 

2.2.1.  Preparation  and  NMR  characterization  of  the  ionic  liquid 
electrolyte 

N-methyl-(n-butyl)pyrrolidinium  bis(trifluoromethanesulfonyl) 
imide  ionic  liquid  (Pyr^TFSI),  with  a  water  content  below  20  ppm, 
was  obtained  from  Merck  and  used  as  received.  Lithium  bis(tri- 
fluoromethanesulfonyl)imide  (LiTFSI),  was  obtained  by  3  M  (Fluo- 
rad  HQ-115).  The  salt  was  dried  under  vacuum  (24  h,  80  °C)  prior  to 
its  use.  Different  concentrations  of  Pyr^TFSI-LiTFSI  electrolyte  were 
prepared  by  dissolving  the  lithium  salt  in  the  ionic  liquid.  All  op¬ 
erations  and  handling  were  carried  out  in  an  argon-filled  glove  box, 
with  a  humidity  level  below  1  ppm.  The  lithium-ion  transport  in 
the  ionic  liquid  was  analyzed  by  NMR  (Bruker  400  MHz  Avance, 
9.4T).  Specifically,  lithium-ion  diffusion  coefficients  were  measured 
by  using  a  pulsed  field  gradient  method.  In  order  to  carry  out 
precise  measurements  using  this  method,  the  echo  signal  must  be 
firstly  optimized  to  obtain  adequate  intensity.  For  our  liquids  the 
optimization  of  echo  intensity  required  time  intervals  of  20  ms 
between  field  gradient  pulses  and  pulses  time  of  2  ms.  Once  these 
parameters  are  set,  the  diffusion  coefficient  can  be  derived  from  the 
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variation  of  the  echo  signal  intensity  with  the  intensity  of  the 
pulsed  field  gradient  by  using  a  non-linear  least  square  iterative 
method. 

2.2.2.  Electrodes  processing 

Composite  electrodes  were  fabricated  by  dispersing  anatase 
mesocrystals  or  commercial  samples  (80%  by  weight),  carbon  black 
(10  wt.  %)  (TIMREX  Super-P)  and  the  polyvinylidene  fluoride  binder 
(10  wt.  %)  (Mw  -534000,  Aldrich)  in  l-methyl-2-pyrrolidinone 
(Aldrich).  The  resulting  slurry  was  stirred  during  24  h  and  casted  on 
the  current  collector  (a  cooper  foil)  using  a  doctor  Blade  (specif¬ 
ically  the  blade  was  set  at  a  200  pm  height).  Electrodes  with  a 
surface  area  of  1.13  cm2  and  ca.  1  mg  of  active  material  were  firstly 
dried  at  80  °C  for  2  h  and  then  at  120  °C  under  vacuum  overnight. 
Finally,  the  dried  electrodes  were  transferred  to  an  argon  globe  box 
(H2O  content  <  1  ppm)  for  cells  assembly. 

2.2.3.  Structural  and  textural  characterization 

Phase  identification  was  performed  by  X-ray  diffraction  analysis 
using  a  Bruker  D8  Advance  instrument  (CuKct  radiation,  40  kV, 
30  mA).  The  crystal  domain  size  was  determined  from  the  X-ray 
profiles  using  the  Scherrer  equation.  The  morphology,  particle  size 
and  crystallinity  of  the  mesocrystals  were  examined  by  trans¬ 
mission  electron  microscopy  (TEM,  2000  FX2,  JEOL),  high- 
resolution  transmission  electron  microscopy  (HR-TEM,  300,  JEOL) 
and  field  emission  scanning  electron  microscopy  (FE-SEM,  Hitachi, 
SU  8000).  Size  parameters  were  evaluated  from  the  images  by 
counting  around  100  particles.  Nitrogen  adsorption  and  desorption 
isotherms  were  performed  at  -196  °C  in  a  Micromeritics  ASAP  2010 
volumetric  adsorption  system.  The  BET  surface  area  was  deduced 
from  the  analysis  of  the  isotherm  at  low  pressures  (0.04-0.20) 
while  pore  size  distributions  were  estimated  using  the  BJH  model. 
The  microstructure  and  thickness  of  composite  electrodes  were 
evaluated  by  the  same  FE-SEM  above-mentioned.  The  average 
thickness  of  the  electrodes  was  also  determined  over  an  area  of 
1  cm2  with  a  DUALSCOPE  90  from  Fischer.  Basically,  this  equipment 
used  eddy  currents  to  determine  thicknesses. 

2.2.4.  Electrochemical  characterization 

The  electrochemical  properties  of  anatase  were  evaluated 
against  a  lithium-metal  foil  counter  electrode  (it  also  acts  as 


reference  electrode)  using  galvanostatic  cycling  tests  in  a  cell 
voltage  window  between  2.7  and  1.0  V  vs  Li/Li+.  Charge  current  in 
all  experiments  was  set  to  67  mA  g-1.  These  tests  were  carried  out 
with  an  Arbin-BT4  battery  system  using  coin-type  cell  configura¬ 
tions  (size  2032).  A  Whatman  BSF-80  glass  fibber  was  used  as 
separator  and  as  electrolyte  either  the  ionic  liquid  electrolyte 
above-mentioned  or  a  1  M  LiPF6  solution  in  anhydrous  mixtures  of 
ethylene  carbonate  and  dimethyl  carbonate  (1:1  weight  ratio).  Cells 
were  assembled  in  an  argon  glove  box  (H2O  content  <  1  ppm).  The 
electrochemical  measurements  were  conducted  under  thermo¬ 
static  conditions  at  different  temperatures  (30,  60  and  80  °C). 
Importantly,  the  experiments  were  carried  out  at  30  °C  instead 
room  temperature  because  our  temperature  controller  operates 
better  at  this  slightly  higher  temperature. 

Electrochemical  impedance  measurements  were  performed 
using  a  Biologic  VMP3  multichannel  battery  tester  equipped  with 
the  Electrochemical  Impedance  Spectrosocopy  (EIS)  board.  Spectra 
were  recorder  at  room  temperature  over  a  frequency  range  from 
700  kHz  to  0.1  Hz.  The  amplitude  of  ac  signal  was  5  mV,  and  the 
cells  were  measured  at  the  constant  potential  of  the  cell  after  the 
appropriate  equilibration;  i.e.  until  no  variation  of  the  OCV  was 
observed. 

3.  Results  and  discussion 

3.2.  Mesocrystals  and  films  characterization 

Fig.  1  shows  the  optimized  anatase  porous  colloidal  meso¬ 
crystals  used  in  this  report  that  were  prepared  by  a  self-assembly/ 
seeding  synthetic  route  (see  Experimental  section  for  details). 
Basically,  the  mesocrystals  are  monodisperse  colloids  (43  nm, 
SD  =  4)  with  good  textural  properties  (210  m2  g_1, 
mesoporosity  ~  3.5  nm),  made  from  oriented  6-7  nm  anatase 
subunits.  Importantly,  the  -40  nm  mesocrystals  used  in  this  study 
represent  an  optimization  of  previously  reported  sizes  in  terms  of 
synthesis  efficiency  and  electrochemical  performance  [29  .  These 
mesocrystals  are  able  to  keep  a  similar  electrochemical  response  in 
organic  carbonates  when  compared  to  those  of  the  best  early  re¬ 
ported  (25  nm)  [29],  while  being  derived  from  compositions  in 
which  efficiency  is  doubled  (see  Experimental  section  and  Fig.  SI  in 
Supplementary  information  for  details).  Back  to  the  central  point  of 


d  (nm) 


20 


FE-SEM 


HR-TEM 


Oi 

n 

E 

o^ 

o 

E 

3 

o 

> 

TJ 

O 

JO 

O 

(A 

•o 

< 


200 


100 


■o  0.0 


d(nm) 


ISOTHERM 


PI  Po 


Fig.  1.  The  FE-SEM  image  and  the  corresponding  size  histogram  show  monodisperse  spherical  particles  of  colloidal  size  (43  nm,  standard  deviation  =  4).  XRD  indicates  that  the 
particles  are  made  from  anatase  subunits  with  a  crystal  size  of  around  6-7  nm  (rigorously  average  size  of  a  domain  that  diffracts  coherently).  According  to  HR-TEM  and  the 
corresponding  FFT  image  (Inset),  the  anatase  nanocrystals  appear  aligned  in  a  preferential  direction  over  an  extensive  area  of  the  colloidal  aggregate.  Importantly,  the  texture  of  the 
particle  can  make  some  areas  of  the  particle  to  appear  misaligned  or  even  with  some  apparent  disorder.  Together  all  of  these  techniques  indicate  that  we  have  inorganic  anatase 
nanocrystals  oriented  to  form  a  superstructure  with  a  size  of  ~40  nm  (i.e.  we  have  colloidal  mesocrystals  of  anatase).  The  mesoporosity  (~3.5  nm)  of  the  mesocrystals  is  confirmed 
through  the  analysis  of  the  N2  isotherm  and  the  pore  size  distribution  (Inset). 
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this  study,  the  good  textural  properties  of  the  -40  nm  mesocrystals 
(good  accessibility)  together  with  the  colloidal  size  (feasibility  to  be 
processed  using  widely  established  processing  technologies)  sug¬ 
gest  that  they  can  be  used  in  combination  with  AIL  electrolytes 
(LiTFSI  O.2M/PYR14TFSI)  to  build  safer  and  temperature  stable  LiBs. 
LiTFSI  0.2M/PYRi4TFSI  was  selected  as  electrolyte  because  is 
commercially  available,  and  shows  good  electrochemical  and 
temperature  stability  under  battery  operating  conditions  for  LiTFSI 
concentrations  around  0.1 -0.3  M  [10  .  However,  they  have  high 
viscosity  and  show  limited  lithium-ion  transport.  Therefore,  we 
understand  the  good  accessibility  and  processability  of  the  meso¬ 
crystals  here  reported  are  essential  for  a  better  electrochemical 
performance.  Recent  reports  of  anatase  nanotubes  with  a  free 
volume  around  70%  (15  nm  anatase  walls  and  70-100  nm  hole 
diameter)  indicate  that  good  accessibility  is  essential  when  work¬ 
ing  with  ionic  liquids  17].  Importantly,  the  mesocrystals  here  re¬ 
ported  have  a  density  around  60%  of  the  theoretical  value  (-40%  of 
free  volume,  see  Supplementary  information  for  estimation).  As  we 
better  describe  below,  this  free  volume  assures  good  accessibility 
with  indeed  a  higher  intrinsic  volumetric  capacity  than  that  of 
nanotubes. 

As  colloidal  mesocrystals  need  to  be  processed  in  order  to 
obtain  functional  electrodes,  anode  composites  were  prepared  in 
a  film  configuration  using  standard  processing  techniques  to 
come  closer  to  technological  approaches.  Thus,  carbon  black  and 
polyvinylidene  fluoride  were  used  as  additives,  and  Dr.  Blade  was 
used  for  films  preparation  (see  Experimental  section).  Fig.  2 
shows  that  the  electrodes  consist  of  aggregates  (0.5-5  pm)  of 
well-preserved  Ti02  anatase  spherical  mesocrystals,  and  that 
even  the  largest  aggregates  retain  significant  intra-aggregate 
porosity.  As  above-mentioned  the  viscosity  is  high  in  the  AILs 
here  selected,  so  keeping  in  mind  that  according  to  Figs.  1  and  2 
the  composite  electrodes  have  three  porosity  scales  (meso¬ 
crystals'  mesoporosity,  intra-  and  interstitial  aggregate  poros¬ 
ities),  wetting  during  battery  operation  is  a  relevant  issue  that  we 
analyze  in  the  next  section. 


3.2.  Electrochemical  response  of  mesocrystals  in  aprotic  ionic  liquid 
electrolytes 

Fig.  3  shows  the  first  five  voltage  curves  at  a  rate  of  67  mA  g"1  for 
the  mesocrystals  and  a  commercial  nanoanatase  (25  nm  from 
Aldrich)  in  both  ionic  liquid  electrolytes  and  organic  carbonate 
electrolytes.  These  curves  are  highly  illustrative  as  they  provide 
information  on  the  lithium  uptake  mechanism  and  irreversibility 
processes,  and  in  our  system,  provide  confirmation  on  efficient 
wetting  at  all  porous  scales. 

During  battery  operation  poor  wetting  of  ionic  liquid  electro¬ 
lytes  is  usually  manifested  by  an  increase  in  specific  capacity  at  full 
discharge  during  the  first  galvanostatic  cycles  (wetting  progresses 
during  measurement)  followed  by  the  usual  decay  1,16  .  In  Fig.  3 
we  show  in  the  ionic  liquid  electrolytes,  the  usual  decay  (analysis 
of  this  decay  is  described  below)  in  specific  capacity  at  full 
discharge  during  the  first  cycles  for  anodes  made  of  mesocrystals  or 
commercial  nanoanatases  with  a  thickness  of  ~6  pm  and  similar 
density.  Efficient  wetting,  thus,  is  assured  at  least  at  intra-  and 
interstitial  aggregate  porosities  in  electrodes  of  this  thickness.  Our 
results  indicate  that  efficient  wetting  by  the  ionic  liquid  electrolytes 
also  takes  place  at  mesocrystals'  mesoporous  scale  (3-4  nm).  This 
conclusion  is  obtained  after  comparing  the  electrochemical  per¬ 
formance  of  the  -40  nm  mesocrystals  with  that  of  -25  nm  non- 
porous  commercial  nanoanatases  in  the  composite  anodes.  The 
specific  capacity  at  full  discharge  of  anatase  anodes  strongly  in¬ 
creases  with  the  decrease  on  the  anatase  crystal  size  [33-37  .  Thus, 
in  infiltrated  40  nm  mesocrystals  the  “electrochemical  size”  of 
anatase  should  be  around  the  diameter  of  anatase  subunits 
(6-7  nm)  while  in  non-infiltrated  mesocrystals  it  should  be  around 
40  nm.  On  contrast,  for  the  25  nm  non-porous  commercial  samples 
the  “electrochemical  size”  should  be  logically  around  25  nm  (size  is 
between  that  of  infiltrated  and  non-infiltrated  mesocrystals).  Fig.  3 
clearly  shows  that  the  capacity  of  mesocrystals  in  AILs  at  full 
discharge  is  better  than  even  that  of  a  commercial  sample  in  car¬ 
bonates  at  a  current  rate  where  lithium  transport  does  not  seem  to 


(A)  1(B) 


Fig.  2.  (A),  (B),  and  (C)  are  FE-SEM  images  of  the  electrodes  top  surface  at  different  magnifications.  The  electrode  consists  of  aggregates  (0.5-5  pm)  of  well-preserved  Ti02  anatase 
spherical  mesocrystals.  The  high-magnification  image  also  shows  that  even  the  largest  aggregates  retain  significant  intra-aggregate  porosity.  (D)  Lateral  section  of  the  electrode 
showing  an  area  with  a  thickness  around  5-6  pm  deposited  onto  the  Cu  current  collector.  This  thickness  matches  the  average  thickness  determined  over  an  area  of  ~1  cm2 
(6  ±  2  pm)  using  eddy  currents  technology  (see  Experimental  section  for  details). 
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Fig.  3.  Cell  voltage  curves  (2.7-1.0  V  vs  Li/Li+)  measured  at  30  °C  (first  five  cycles  from 
black  to  light  blue)  at  a  charge/discharge  current  of  67  mA  g  1  for  mesocrystals  and 
25  nm  commercial  nanoanatases  in  ionic  liquid  electrolytes  (LEFT)  and  carbonate 
electrolytes  (RIGHT).  Importantly,  experiments  were  carried  out  at  30  °C  instead  room 
temperature  because  our  temperature  controller  operates  better  at  this  slightly  higher 
temperature.  (For  interpretation  of  the  references  to  colour  in  this  figure  legend,  the 
reader  is  referred  to  the  web  version  of  this  article.) 


represent  a  relevant  issue  (67  mA  g'1).  We  can,  therefore,  assume 
that  significant  wetting  also  occurs  at  mesoporous  scale  (the 
anatase  subunits  with  a  6-7  nm  size  are  active  for  electrochemical 
insertion). 

Fig.  3  also  shows  for  all  anodes,  the  three  distinctive  regions  that 
have  been  associated  with  different  electrochemical  processes.  The 
pre-plateau  and  plateau  regions  are  mainly  associated  with  the 
lithium  uptake  by  the  tetragonal  anatase  structure  and  a  phase 
transformation  to  an  orthorrombic  lithiated  phase,  respectively 
[33].  In  the  post-plateau  region,  the  lithium  uptake  by  the  orthor¬ 
rombic  phase  progresses  but  also  formation  of  a  SEI  (solid- 
-electrolyte  interface)  can  take  place  [33,37  .  Moreover,  there  are 
significant  reports  that  in  this  post-plateau  region,  surface  or  close 
to  surface  redox  reactions  contribute  to  the  electrochemical 
response,  especially  when  dealing  with  small  nanoanatases 
[38-40].  In  fact,  the  post-plateau  profile  is  the  typical  observed  on 
battery  electrode  materials  at  the  nanoscale,  and  widely  accepted 
to  be  related  to  these  surface  redox  reactions  (pseudocapacitor-like 
behavior)  [41  .  In  accordance,  the  porous  mesocrystals  that  have  a 
higher  surface  area  available  for  electrochemical  reactions  than 
that  of  non-porous  25  nm  commercial  samples,  always  show  a 
more  extended  post-plateau  region  (Fig.  3). 

Fig.  3  also  shows  that  the  significant  irreversibility  after  the  first 
discharge  curve  occurs  both  in  carbonates  and  AILs  at  cut-off  po¬ 
tentials  between  1  and  2.7  V.  The  fact  that  irreversibility  is  observed 
in  electrolytes  of  different  nature  (carbonates  and  AILs)  at  poten¬ 
tials  above  1  V  seems  to  discard  electrolyte  degradation  as  a  cause 
for  this  irreversibility  [42].  Recent  studies  on  electrodes  based  on 
amorphous  TiC>2  nanoparticles  point  to  the  importance  of  adsorbed 
H2O/OH  species  to  explain  irreversibility  after  the  first  discharge 
curve  [43].  Specifically,  a  L^O  interface  layer  is  established  by  re¬ 
action  of  adsorbed  H2O/OH  species  with  the  Li-ions  coming  from 
the  electrolyte.  In  our  electrodes,  once  discarded  electrolyte 
degradation,  the  irreversibility  could  also  be  associated  with  the 
formation  of  a  L^O  SEI  layer  by  reaction  with  remaining  OH  species. 
On  the  basis  of  this  interpretation,  the  higher  irreversibility  shown 
in  the  porous  mesocrystals  when  compared  to  non-porous  25  nm 
commercial  samples  (Lig.  3),  could  be  explained  by  the  higher 
surface  area  of  porous  mesocrystals  (i.e.  higher  concentration  of  OH 


species).  Impedance  measurements  (Nyquist  plots  in  Lig.  S2  of 
Supplementary  information)  also  suggest  the  presence  of  a  SEI. 
Specifically  after  cycling  the  plots  showed  an  additional  semicircle 
often  interpreted  as  coming  from  the  relaxation  of  charge  carriers 
in  a  solid  electrolyte  interphase  [44]. 

Linally,  the  differences  in  capacity  at  full  discharge  when 
comparing  anodes  in  ionic  liquid  electrolytes  with  those  in  car¬ 
bonates  (Lig.  3)  can  come  from  the  specifics  of  the  SEI  with  possible 
contributions  from  limited  lithium-ion  transport  through  the 
electrolyte,  as  we  better  describe  in  the  next  section. 

3.3.  Rate  capability  performance 

As  above-mentioned,  a  common  factor  in  all  the  battery  studies 
using  AILs  is  that  limited  lithium-ion  transport  becomes  a  sub¬ 
stantial  issue  at  high  rates.  Indeed,  the  specific  capacity  at 
67  mA  g-1  (Lig.  4)  is  among  the  best  values  reported  for  anatases  in 
organic  carbonates  [29,33,34,37,40  .  However,  as  the  current  rate 
increases,  the  performance  in  AILs  electrolytes  worsens  because 
the  electrolyte  cannot  provide  lithium-ions  at  sufficient  rate 
(Lig.  4).  Still,  the  performance  is  better  than  that  for  25  nm  com¬ 
mercial  nanoanatases  in  ionic  liquids,  and  even  at  336  mA  g  \  the 
mesocrystal/ionic  liquid  combination  gives  a  capacity  at  full 
discharge  similar  to  the  25  nm  commercial  sample/organic  car¬ 
bonate  combination  (Lig.  4).  Supporting  the  argument  of  limited 
lithium-ion  transport  through  the  electrolyte,  the  lithium  diffu¬ 
sion  coefficient  measured  by  NMR  for  the  AIL  electrolyte  was  lower 
than  for  carbonates  (8.3  x  10-12  vs.  2,1  x  1CT10  m2  s_1).  Moreover, 
the  increase  in  rate  capability  performance  at  60  °C  for  the  mes¬ 
ocrystals  in  the  AILs  (Lig.  4)  can  again  be  linked  to  an  increase  in 
the  lithium  diffusion  coefficient  (2.0  x  1CT11  at  60  °C  vs. 
8.3  x  1CT12  m2  s-1).  Interestingly,  the  specific  capacity  at  full 
discharge  for  the  mesocrystals  in  AILs  when  compared  to  the 
above-mentioned  nanotubes  at  comparable  rates  is  similar  (190 
vs.  180  mAh  g-1  for  nanotubes  at  -65  mA  g'1 ;  150  vs.  145  mAh  g-1 
for  nanotubes  at  -170  mA  g-1) ;  17].  These  results  confirm  the  good 
accessibility  and  wettability  of  the  mesocrystals,  and  furthermore 
their  relatively  good  performance  because  as  above-mentioned 
the  intrinsic  free  volume  (nanotube  interior  vs.  mesocrystal  mes- 
oporosity)  is  lower  for  the  mesocrystals  (ca.  40%  vs.  ca.  70%  for 
nanotubes). 
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Fig.  4.  Rate  capability  performance  at  full  discharge  for  mesocrystals  in  ionic  liquids 
measured  at  30  and  60  °C  (MC-IL-30,  MC-IL-60),  mesocrystals  in  carbonates  at  30  °C 
(MC-CA-30)  and  for  commercial  anatases  in  ionic  liquids  (CO-IL-30)  and  carbonates 
(CO-CA-30)  at  30  °C.  Importantly,  measurements  at  60  °C  were  registered  after  the 
30  °C  treatment. 
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3.4.  Temperature  stability  studies 

As  previously  mentioned,  the  main  objective  of  the  research 
here  presented  is  to  explore  possible  pathways  for  safer  LiBs 
working  with  liquid  electrolytes  over  a  wide  temperature  window 
(of  special  interest  are  temperatures  above  50-60  °C).  As  both 
anatase  anodes  and  AIL  electrolytes  are  intended  for  applications  in 
which  safety,  durability  and  variability  in  operating  temperature 
represent  the  primary  concerns,  the  results  from  Fig.  4  clearly 
suggest  that  in  order  to  preserve  a  high  but  yet  stable  electro¬ 
chemical  performance  over  a  wide  temperature  range,  galvano- 
static  experiments  at  higher  temperatures  must  be  carried  out  at 
67  mA  g_1.  Thus,  temperature  stability  studies  were  carried  out  at 
this  rate  and  only  for  the  porous  mesocrystals,  as  they  clearly 
outperform  the  commercial  samples  in  both  specific  capacity  and 
rate  capability  figures-of-merit  (Figs.  3  and  4).  Indeed  at  room 
temperature  the  porous  mesocrystals  in  carbonate  electrolytes 
showed  better  performance  than  that  in  AILs  electrolytes  (Figs.  3 
and  4).  However,  at  60  °C  AIL  electrolytes  clearly  outperform  car¬ 
bonates  (Fig.  5).  Thus,  after  62  cycles  (~15  days  for  the  AIL  and  ~13 
days  for  carbonates),  the  AILs  still  retain  a  capacity  of  185  mAh  g-1 
while  in  carbonates  lowers  down  to  100  mAh  g-1  (80  mAh  g-1  in 
terms  of  similar  operating  time,  ~15  days  or  81  cycles).  Further¬ 
more,  in  Fig.  5  we  show  that  the  performance  is  still  remarkable  for 
a  Ti02-based  anode  even  after  extending  the  treatment  for  another 
15  days  at  80  °C  (71  cycles  +  62  cycles  at  60  °C  for  a  total  of  ca.  130 
cycles)  in  the  AILs  electrolytes  (155  mAh  g'1  or  200  mAh  cm-3) 
with  a  coulombic  efficiency  of  ca.  99%  (Fig.  5). 

4.  Conclusions 

In  summary,  we  have  shown  that  monodisperse  TiC>2  anatase 
mesoporous  colloidal  mesocrystals,  synthesized  by  a  self-assembly/ 
seeding  assisted  method,  can  be  easily  processed  as  active  mate¬ 
rials  in  anode  composites.  These  anode  composites  can  be  effi¬ 
ciently  infiltrated  with  safe  ionic  liquid  electrolytes  down  to  the 
mesocrystals'  mesoporosity,  and  operate  over  a  wide  temperature 
window  (of  special  interest  are  temperatures  above  50-60  °C).  For 
example,  after  continuous  galvanostatic  cycling  for  1  month  at  high 
temperatures  (15  days  at  60°C  +  15  days  at  80  °C,  ca.  130  cycles), 
these  anode  composites  sustain  a  capacity  (155  mAh  g-1  or 
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Cycle  number  Cycle  number 

Fig.  5.  (LEFT)  Specific  capacity  at  full  discharge/charge  for  ionic  liquids  and  carbonates 
as  a  function  of  cycles  number  measured  at  60  °C  (current  rate  of  67  mA  g-1)  after  SEI 
formation.  (RIGHT)  For  the  ionic  liquids,  after  cycling  for  15  days  at  60  °C,  the  tem¬ 
perature  was  raised  to  80  °C  and  the  specific  capacity  along  with  the  coulombic  effi¬ 
ciency  was  measured  for  another  15  days  (71  cycles  +  62  cycles  from  60  °C).  Finally,  it 
is  worthy  noting  that  in  galvanostatic  tests  with  a  fixed  voltage  window,  the  time  it 
takes  for  a  cycle  to  be  completed  shortens  as  the  capacity  declines,  and  so  the  number 
of  cycles  for  a  given  period  of  time  does  not  match  in  samples  with  different  lost. 


200  mAh  cm-3  with  a  coulombic  efficiency  of  ca.  99%  at  67  mA  g_1) 
that  is  still  remarkable  for  Ti02-based  anodes.  On  contrast,  in 
organic  carbonates  the  capacity  decays  down  to  80  mAh  g_1  after 
only  15  days  at  60  °C.  Our  results  indicate  that  the  principles 
derived  from  porous  anatase  mesocrystal/ionic  liquid  electrolyte 
combinations  could  constitute  the  basis  for  battery  applications  in 
which  safety,  durability  and  variability  in  operating  temperature 
represent  the  primary  concerns.  On  the  basis  of  these  principles  we 
understand  that  further  optimization  relies  on  three  more  or  less 
important  approaches:  a)  development  of  new  formulations  for 
ionic  liquids  to  overcome  limited  lithium  transport  (for  example 
the  above-mentioned  recently  reported  protic  ionic  liquids  [11,12]); 
b)  optimization  of  the  free  volume  left  by  both  the  anatase  and  the 
composite  electrode  and  c)  to  reduce  the  aggregate  size  either  by 
changing  processing  parameters  or  by  applying  more  sophisticated 
processing  routes. 
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